A computational molecular design strategy, complemented by UV/Vis absorption and time-resolved electron paramagnetic resonance (EPR) spectra measurements, is employed to guide the search for active molecules for a room-temperature maser that can achieve continuous-wave operation. Focusing on linear polyacenes and diazasubstituted forms, our goal is to model how important maser properties are inuenced by acene length and location of nitrogen substitution. We nd that tetracene, its diaza-substituted forms (5,11-, 1,7-and 2,8-diazatetracene) and anthracene possess singlet to triplet intersystem crossing rates highly favorable towards masing. The diaza-substituted forms of pentacene (6,13-, 5,12-, 1,8-and 2,9-diazapentacene) also stand out as ideal candidates due to their similarity to the working pentacene prototype. A steady-state population analysis suggests the working conditions under which continuous-wave masing can be achieved for these molecules. Operational frequencies are estimated from calculated zero eld splitting parameters.
Introduction
The maser is the microwave analogue of the laser, renowned for enabling high-quality ampliers with exceptional performance. However to date the maser has been limited in application due to the high vacuum and low temperatures needed for it to function. A maser capable of operating continuously under ambient conditions without the need for large magnetic elds, vacuum pumps and cryogenic cooling systems would immediately revolutionise the domains of microwave communication and electron paramagnetic resonance (EPR) spectroscopy by enabling high precision measurements such as for biological structure determination. The recent discovery of an organic molecular crystal based maser operating in pulsed mode at room-temperature 1,2 constituted a dramatic step forward towards this goal. However achieving continuous-wave operation requires optimisation of the active molecule that is laborious experimentally. This paper reports the results of a computational molecular 2 design strategy based upon a combination of rst-principles and empirical methods that has enabled this search to be accelerated and its scope to be widened.
The pentacene/p-terphenyl based room-temperature maser operates as follows (see Figure   1a ). The pentacene molecules are optically excited from the S 0 ground singlet state into the S 1 singlet state by a short laser pulse near 590 nm. The electrons in the S 1 state rapidly undergo an intersystem crossing (ISC) facilitated by spin-orbit coupling into the triplet manifold arriving rst at the T 2 state with a spin-selected population inversion of the T X , T Y and T Z sublevels with a ratio of 0.76:0.16:0. 08 3,4 . The electrons (spins) in the T 2 state rapidly relax to the T 1 state via internal conversion (IC) while preserving this population inversion. A nal ISC from T 1 to S 0 provides a spin-ushing mechanism, bringing the electron back to the ground state. While the T 1 state is populated, however, it is possible to stimulate a transition from the X to Z sublevels (see inset in Figure 1a ) or from the X to Y sublevels. Because the splitting of these levels is in the microwave regime, this process results in the stimulated emission of microwave radiation. With the construction of a suitable resonator cavity a signicant amplication of microwave photons can be achieved 1,2 .
Following the initial development of the pentacene doped p-terphenyl prototype maser, an important next step involves the search for materials that can improve operation and add new functionality. It is of central interest to construct a continuous-wave (CW) roomtemperature maser. This goal remains elusive using the current conguration of the pentacene/p-terphenyl prototype because electrons accumulate in the T Z state, blocking further masing. Some have proposed new materials, in particular silicon carbide and diamond with nitrogen-vacancy defects, which may operate as a CW room-temperature maser though have yet to be realised 5, 6 . This work presents the results of a computational search of organic materials, the linear polyacenes and selected diaza-substituted forms, aimed at proposing new maser materials especially those which may operate as a CW maser. The focus on these molecules is motivated by their similarities to the pentacene prototype, the only known working room-temperature maser. The excited state electronic structure of the linear polyacenes, 3 of which pentacene is a member, are governed by π−π and σ − π transitions. As a result of this, the linear polyacenes possess roughly similar excited state properties, the dierences being due to the number of acene rings 7 . The choice of nitrogen substitution is based on the observation that ISC in N-substituted linear polyacenes can be accelerated relative to unsubstituted forms.
8 The goal of this work is thus to model how important maser properties are inuenced by acene length and location of nitrogen substitution in order to more eectively direct the materials discovery process for the room-temperature maser.
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Figure 1: Schematic diagram of the of the maser process in the pentacene in p -terphenyl prototype maser (a), the excited state structure computed in this work with relevant transitions indicated: pump laser excitation (red), ISC (yellow) and IC (green) for pentacene (b), benzene (c) and 1,7-diazatetracene (d). Energies (nm, eV) are provided in parenthesis relative to S 0 , italics indicate energies wherein the geometry was optimized for the T 1 state.
We are thus in need of a calculation method which allows for rapid evaluation of molecular properties for the linear polyacenes and their derivatives. Our main concern is to understand conceptual changes in electronic structure properties of candidate molecules with the purpose of predicting their usefulness as the active molecule in a room-temperature maser device.
Our focus is specically on S 0 − S 1 , S 1 − T n , T 1 − S 0 transition energies and zero eld splitting (ZFS) of the T 1 state. Treatment of population inversion (see discussion of Figure   1A ), which requires accurate estimates of the contributions of the T X , T Y and T Z sublevels to the S 1 − T n ISC rate, is not attempted in this work. the remaining parameters set to those of benzene. This choice of solvent is motivated by the pentacene/p-terphenyl system being the only working room-temperature maser in existence.
All DFT and TDDFT calculations discussed above were performed using the Gaussian 09 software suite 24 .
ZFS parameters D and E were evaluated for the T 1 state using the ORCA computational chemistry software 25 using the formalism developed by Neese and co-workers 26 . The geome-7 try of each molecule was optimized in the triplet ground state electronic conguration using the PBE XC functional and the cc-pvdz basis set using the resolution of the identity (RI) approximation and split valence auxiliary basis 27 before the ZFS parameters were evaluated.
The cc-pvdz basis set was here chosen because larger basis sets oered no improvement in the calculated D and E parameters (see supporting information). there is no direct experimental data available. Because we are also concerned with the effect of nitrogen substitution and because the number of π-electrons is conserved under such substitutions, we assume that the correcting functions constructed from linear polyacene data can be transferred to the diaza-acenes. As described below, our empirically corrected data is validated against three experimental controls, pentacene and 6,13-diazapentacene in p-terphenyl and phenazine in biphenyl, that indicate this method is qualitatively correct. Table 1 of the supporting information. Panel (c) reports the canonical eld positions and equations used to derive the ZFS parameters D and E directly from the experimental data, sublevel energy order P X > P Y > P Z . Phenazine was excited at 355 nm, the pentacene and 6,13-diazapentacene were excited at 590 and 532 nm respectively. A = enhanced absorption, E = emission.
Crystals of pentacene and 6,13-diazapentacene in a p-terphenyl host lattice and phenazine in biphenyl were grown using an open system zone melting method 2 and the results of ex-9 perimental characterization are shown in Figure 3 . UV-visible absorption spectra of the pentacene/p-terphenyl and 6,13-diazapentacene/p-terphenyl samples were acquired using a Shimadzu UV-2550 spectrophotometer while that of phenazine/bi-phenyl were acquired using an Agilent Cary 5000 UV-Vis-NIR Spectrophotometer. ZFS parameters were obtained from simulation of X-band time resolved EPR spectra of powder samples.The measurements were performed on a Bruker E580 pulsed EPR spectrometer equipped with a Bruker di- The schematics for all maser candidate molecules are provided in the supporting information.
Two excitation pathways to S 1 exist: pumping directly to the lowest lying singlet (as we observe for pentacene in Figure 1b) or to a higher lying singlet coupled with an additional IC to S 1 (as we observe for benzene, Figure 1c) . Furthermore, the number of triplet states in proximity to S 1 can be quite large such as for 1,7-diazatetracene ( Figure 1d ) where our results indicate three triplet states near to S 1 . In the following we consider the S 0 − S 1 , S 1 − T n , and T 1 − S 0 transitions and the ZFS parameters of T 1 in more detail.
Singlet Excitation
The maser process is initiated via optical excitation by a pump laser whereby an electron is excited from S 0 to a low lying excited singlet state. For all cases studied, the excitation is in excess of 2 eV and, because the maser process itself involves an emission in the µeV regime (i.e. 10 UV-visible absorption spectra have been measured for three samples, pentacene in p-terphenyl, 6,13-diazapentacene in p-terphenyl and phenazine in biphenyl. Analysis of these spectra indicate absorption energies of 2.10 eV, 2.00 eV and 3.41 eV for the lowest optical transitions for pentacene and 6,13-diazapentacene in p-terphenyl and phenazine in biphenyl, respectively. Our results, 2.27 eV, 2.15 eV and 3.22 eV for pentacene, 6,13-diazapentacene and phenazine, respectively, indicate that we are able to a achieve a qualitative agreement with observations. In particular, the eect of nitrogen substitution (∼0.1 eV decrease in excitation energy between pentacene and 6,13-diazapentacene) is well represented by our approach.
ISC
ISC transitions from S 1 to a nearby triplet state and the later transition from T 1 back to S 0 are essential processes for the organic room-temperature maser. As shown for benzene in Figure 1c , the lowest lying absorbing singlet state is not always the state of interest for the singlet-triplet ISC due to the existence of dark states between the ground and absorbing singlet state. In this case it is much more likely that the excited state will quickly decay to S 1 state via IC rather than undergo ISC to the triplet manifold. Conceptually, this can be 12 understood by noting that singlet-triplet transitions are spin forbidden while singlet-singlet (and triplet-triplet) transitions are not. In practice, this means ISC rates are typically much slower than IC rates. This is also the case for 1,5-naphthyridine and 2,6-naphthyridine (see supporting information); these must rst relax to S 1 in order for ISC to the triplet manifold to occur.
Nonradiative transitions, both ISC and IC, are generally described by Fermi's Golden Rule (equation (1) 
These nonradiative transitions are driven by the vibrational modes of the molecule 49 . We discuss two limiting cases: the so called weak coupling and strong coupling limits. In the weak coupling limit, the energy surfaces of the two states do not intersect and the energies of the initial and nal states, E i and E f , respectively, are separated by a large energy gap.
In this case, an energy gap law can be formulated whereby the transition rate possesses an exponential (or super exponential) dependence on the energy gap 50 . In the strong coupling limit the energy surfaces intersect for certain molecular arrangements and the transition rate possesses a Gaussian dependence on the energy gap between the two states and a Stokes shift term arising from molecular re-arrangement of the molecule.
To discuss ISC rates, following the procedure by Simons 49 , the initial and nal states are expressed as a mixture of singlet and triplet states using rst order perturbation theory. That is, using φ S 0 and φ T 1 as the initial wavefunctions for the the S 0 and T 1 states, respectively, theφ S 0 andφ T 1 wavefunctions dened as
andφ
possess a mixture of T 1 and S 0 character, respectively, due to h SO , the spin orbit coupling operator. The electron-interaction matrix element, |V if | 2 , in equation (1) In Figure 5a we compare our calculated S 1 −T n splittings to observed S 1 −T n ISC rates for the linear polyacenes. The choice of inverse square of the gap is motivated by the so-called energy gap law which in its simplest form states that k ISC increases as the gap decreases (all other things being equal) and on the above mentioned strong coupling limit. The results plotted in Figure 5a show a rough correlation between observed ISC rate 43 and calculated inverse square of the singlet-triplet splitting which is described by
This may appear surprising because these transitions are also governed by spin-orbit coupling between the singlet and triplet states and the vibrational motion of the molecule in addition to the energy gap. However, it has been noted that the linear polyacenes possess similar spin-orbit coupling and vibrational structure 44 . The correlation with the S 1 − T n splitting suggests that ISC is dominated by resonance arising from relatively small S 1 − T n 14 energy gaps. It is important to point out that we do not claim any physical signicance to the slope (0.0237eV 2 s -1 ) and intercept (1.2696s -1 ) that appear in Figure 5a . Rather, these are constants that have been obtained by comparing our specic DFT results to observations for the linear polyacenes. In Figure 5c we present the calculated S 1 − T n energy splittings and, using equation (4) as a predictive tool, the estimated ISC rates for the linear polyacenes and their diaza-substituted forms. It may be naively surmised that, because the π−structure is preserved under nitrogen substitution, the spin-orbit coupling is also occurring between qualitatively similar states. However, N-substitution has been shown to greatly enhance T 1 − S 0 ISC rates via a mechanism whereby states are introduced that create a more ecient ISC channel 44 . Assuming similar arguments exist for the S 1 − T n ISC, the rates obtained using the equation dened in Figure 5a should be regarded as a novel tool for estimation of the S 1 − T n spin dynamics occurring in these compounds. Nonetheless, there appears to be tremendous value to this simple approach to gauging the S 1 − T n spin dynamics of potential maser materials with aordable amounts of computational work, which is the spirit of this study. Figure 5 : The S 1 − T n transition (4a and 4c) and the T 1 − S 0 transition (4b and 4d). The inverse square of the energy gap, |E T − E S | −2 , computed between S 1 and the nearest downhill (energetically) triplet state, T n , shows a rough correlation with observed ISC rates, k ISC ×10 −7 s −1 for the S 1 − T n transition (4a) while a stronger correlation is observed for the T 1 − S 0 ISC rates, k ISC ×10 −4 s −1 (4b) where |E T − E S | −2 is evaluated using the S 0 and T 1 energies. Singlet-triplet energy gaps for all molecules (estimated error is 0.2 eV for S 1 − T n and 0.03 eV for T 1 − S 0 , see SI) and ISC rates for all candidate molecules estimated using equations (4) and (5) are depicted in 4c and 4d for the S 1 − T n and T 1 − S 0 transitions, respectively.
The S 1 − T n splittings and estimated S 1 − T n ISC rates (Figure 5c ) display a large amount of variation with respect to nitrogen substitution. There does not appear to be a systematic trend describing the eect of nitrogen substitution, which prevents any qualitative mechanistic insight. However, the fact that both the S 0 − S 1 (Figure 4) and T 1 − S 0 (Figure   5d ) transition energies display variation on the order of 0.1 eV with respect to nitrogen position clearly indicates that nitrogen substitution is aecting the S 1 − T n ISC rates via modulation of both the singlet and triplet manifolds. A wide range of gap energies and ISC rates are thus available indicating that nitrogen substitution is an attractive approach, from a materials engineering perspective, to achieve control of S 1 − T n ISC.
Based on these results we suggest that molecules with an S 1 − T n ISC rate which approaches or exceeds that of the pentacene in the p-terphenyl prototype are highly likely to function in a pulsed mode room-temperature maser. Surprisingly, this principle suggests all candidates may operate as such. However, due to their similarity to the working prototype maser the diazapentacenes (6,13-, 5,12-, 1,8-and 2,9-diazapentacene) are especially likely to function in pulsed mode. The exceptionally high rates observed for anthracene, tetracene and diaza-substituted forms of tetracene indicate promising candidates, all of which exhibit S 1 − T n ISC rates signicantly faster than the working pentacene prototype. There remains, however, the task of supplying a suitable host crystal for these molecules.
Following ISC into the triplet manifold the system undergoes rapid IC to the lowest lying triplet state, T 1 , after which a nal T 1 − S 0 ISC back to the singlet manifold brings the system to S 0 . Our results for T 1 − S 0 splitting and ISC rates are provided in Figure 5 k ISC = 0.7467eV 9.6088 s −1
The calculated T 1 − S 0 splittings and estimated T 1 − S 0 ISC rates, calculated using equation (5) , are provided in Figure 5d for the linear polyacenes and their diaza-substituted forms.
The T 1 − S 0 energy gaps and ISC rates appear to be well ordered with decreasing gap (increasing ISC rate) as polyacene length increases. Nitrogen substitution is playing an appreciable role in the T 1 − S 0 ISC and, as mentioned above, appears to oer an attractive route for ne-tuning the spin-dynamics in these systems and in working towards a more ecient room-temperature maser. for which the molecules tend to remain predominantly in the S 0 ground state (black) or the T 1 triplet state (white). S 1 population, not shown, remains small for all values of k ex . Contour lines of 0.25, 0.50 and 0.75 are provided to more clearly identify regions where T 1 and S 0 populations are roughly equal and hence suggest the optimal operating conditions (as described by k ex , see text) for CW masing.
To shed some light on how S 1 − T n and T 1 − S 0 ISC rates inuence CW maser operation, we have carried out a steady state population analysis of the T 1 triplet states (see Figure   6 ). The simplied model system we studied is provided in the inset to Figure 6 where populations of the S 0 , S 1 and T 1 states are explicitly treated. The estimated population of T 1 is provided in Figure 6 as a function of an excitation rate, k ex , which incorporates such properties as laser power, photon absorption eciency, the density of masing molecules, and the rates of S 1 − S 0 uorescence and IC. The IC transition to T 1 from the higher lying triplet state, T n , is assumed to be suciently fast such that the eective transition rate to T 1 can be approximated by the S 1 − T n ISC rate. The equation governing the population of T 1 under the steady state approximation is
, where k ex , k ST , and k T S are the excitation rates and S 1 − T n and T 1 − S 0 ISC rates, respectively. The parameter N describes the number of maser molecules in the host matrix. For simplicity we set N to 1 and discuss the fraction of molecules in T 1 . The equations governing the populations of the other states are provided in the supporting information. For each molecule there is a threshold excitation rate, k ex , whereby occupation shifts from S 0 to T 1 indicated by the 0.5 contour value. In terms of maser operation: if the excitation rate is too low then not enough spins are created (population of T 1 → 0) and maser output will be too low; if the excitation rate is too high then electrons will be promoted to the T 1 state (population of T 1 → 1) faster than they can be returned to the ground state, again deteriorating CW maser operation. While a high excitation rate is well suited for a pulsed maser, indeed the maser prototype operates in pulsed mode, a CW maser requires a careful consideration of the rate at which the excited state manifolds are populated. From Figure 6 , it follows intuitively that if the rate of population of T 1 , k ST , is suciently fast to allow for strong stimulated emission, then an excitation rate, k ex , that is not too fast nor too slow, relative to the T 1 decay rate, k T S , would in principle induce continuous nite populations of T 1 and S 0 that should lead to CW operation. Based on these arguments it is reasonable to suggest that in addition to pentacene, the molecules proposed for a pulsed mode room-temperature maser, 19 that is 6,13-, 5,12-, 1,8-and 2,9-diazapentacene, tetracene and its diaza-substituted forms and anthracene, should also, in principle, function as a CW maser.
Zero Field Splitting
The ZFS parameters D and E, which describe the splitting between T Z and the midpoint between T X and T Y and between the states T X and T Y , respectively, were computed using the method developed by Neese and co-workers and implemented in the ORCA package 25,26 . The corrected D and E parameters (see SI for further information) are presented in Figure   7 . 
Conclusions
The exceptionally high S 1 − T n ISC rates (relative to pentacene) observed for the tetracene and its diaza-substituted forms (5,11-, 1,7-and 2,8-diazatetracene) and of anthracene, strongly suggest that these molecules be further studied for use in a room-temperature maser. Furthermore, based on their similarity to the pentacene in p-terphenyl prototype, all diazasubstituted forms of pentacene (6,13-, 5,12-, 1,8-and 2,9-diazapentacene) studied are also suggested as targets for the room-temperature maser. While the diazapentacenes are compatible with the p-terphenyl host, optimal hosts for other compounds remain to be found.
The possibility of achieving CW masing is demonstrated using a simple three state population model. We conclude that provided the S 1 − T n ISC rate is suciently fast to populate the T 1 state, as predicted for the above mentioned molecules, then an excitation rate, k ex , exists such that continuous nite populations of T 1 and S 0 states are achieved. Provided these populations are established, CW masing would be in principle possible.
The S 1 − T n and the T 1 − S 0 ISC transitions are inherently dierent and are found to be consistent with the strong-coupling and weak-coupling limits, respectively, of the energy gap law described by Engleman and Jortner 50 . 
